Deferriferrichrysin belongs to the siderophore peptide family which are Fe(III)-coordinating cyclic peptides. The common structure of this family is three consecutive hydroxamate moieties, such as
Introduction
Microbes produce Fe(III) selective chelators, called siderophores, 1 to sequester Fe(III), which is necessary for cellular redox chemisty, 2 but insoluble under physiological conditions. Over 500 siderophores have been isolated and classified according to coordinate groups and scaffolds.
Deferriferrichrysin (1) is a cyclic hexapeptide siderophore with three
-hydroxy-L-ornithine (Aho) residues that is produced by Aspergillus oryzae ( Figure   1 ). 3 Its Fe(III) complex, ferrichrysin (2) , is a colorant in rice wine (sake). Deferriferrichrome (3) 4 and deferriferrichrome A (4) 5 are also hydroxamate-containing cyclic hexapeptides. The common feature of this siderophore family is the presence of three consecutive residues with Fe(III)-coordinating hydroxamate side-chains.
These Fe(III)-siderophore complexes are incorporated into the cytoplasm via ABC type transporters. 1 Using this iron uptake system found in microbes, several siderophore-conjugated pharmaceuticals have been designed for a microbe selective drug delivery system. [6] [7] [8] For example, an antibiotic with a triscatecholate siderophore (5) was taken up by Gram-negative bacteria species, including Pseudomonas aeruginosa. The mycobactin-artemisinin conjugate (6) was effective against drug resistant strains of Mycobacterium tuberculosis, in which Fe(III)-mediated Fenton-type radical formation from a mycobactin moiety was also the key active ingredient of this anti-tuberculosis conjugate. Thus, Fe(III)-siderophore complexes represent interesting pharmaceutical materials for antimicrobial agents.
In order to investigate the coordinating ability of three consecutive Aho residues in deferriferrichrysin (1), we have designed two deferriferrichrysin derivatives, cyclo(-Aho-Gly-Aho-Gly-Aho-Gly-) (7a) and cyclo(-Aho-Ser-Aho-Ser-Aho-Ser-) (7b). These two compounds contain three Aho residues interspersed by either Gly or Ser residues derived from deferriferrichrysin. In this article, we report the synthesis of these two deferriferrichrysin derivatives and the spectroscopic analysis of the physicochemical properties of the Fe(III) complexes. 4
Results and discussion

Synthesis of deferriferrichrysin derivatives
In a previous study, we have established a facile synthetic approach to N  -Fmoc-protected
Using this amino acid component as a building block in Fmoc-based solid-phase peptide synthesis (SPPS), deferriferrichrysin (1) and deferriferrichrome (3) were synthesized. 
Evaluation of Fe(III) coordinating activities of deferriferrichrysin and the derivatives
Initially, Fe(III) coordinating activities of the siderophore peptides were evaluated by a competition experiment using ethylenediaminetetraacetic acid (EDTA). Thus, the order of Fe(III) coordinating activity for the siderophore peptides was deferriferrichrysin
suggesting that three consecutive Aho residues in deferriferrichrysin and naturally occurring siderophore peptides contributed noticeably to the high Fe(III) coordinating activity.
Circular dichroism (CD) spectra of ferrichrysin and the derivatives
For a hexacoordinate octahedral metal complex of three hydroxamate ligands, there are two possible geometric isomers, trans and cis. 14, 15 Each geometric isomer consists of  and  optical isomers. 15 All the reported X-ray crystal structures of hexadentate hydroxamate complexes show the cis configuration, and the optical chilarities have been determined by CD analysis. [16] [17] [18] [19] For example, it was proven by an X-ray diffraction study that ferrichrome A (4) exists in the cis- configuration, 20 which was supported by the characteristic 465 nm positive band and the 360 nm negative band in the CD spectrum. 21 The Fe(III)-7a complex showed a similar CD spectrum to that of ferrichrysin (2) Aho residues were easily protonated to change the structure of the complex, 24 which is in contrast to ferrichrysin.
The visual appearance of the Fe(III)-peptide complexes in three pH buffers are shown in Figure   5 . A similar orange color was observed between the three ferrichrysin (2) solutions at pH 1.2, 3.6 and 7.0. In contrast, both solutions of Fe(III)-7a and Fe(III)-7b turned red at low pH. These corresponded to the UV-vis spectra of the solutions, suggesting that Fe(III)-7a and Fe(III)-7b represent potential pH indicators for acidic solutions.
Conclusions
In this study, we have carried out synthesis and comparative physicochemical analysis of two H NMR spectra were recorded using a JEOL ECA-500 spectrometer.
Chemical shifts are reported in δ (ppm) relative to residual peak as an internal standard. 13 C NMR spectra were referenced to the CD3CN (in D2O) or residual peak (in DMSO-d6) as an internal standard. Exact mass (HRMS) spectra were recorded on a JMS-HX/HX 110A mass spectrometer.
Optical rotations were measured with a JASCO P-1020 polarimeter. For flash chromatography, Wakogel C-300E (Wako) was employed. For analytical HPLC, a COSMOSIL 5C18-ARII column (4.6 × 250 mm, Nacalai Tesque Inc., Kyoto, Japan) was employed with a linear gradient of CH3CN containing 0.1% (v/v) TFA at a flow rate of 1 mL/min, and eluting products were detected by UV at 220 nm. Preparative HPLC was performed using a COSMOSIL 5C18-ARII column (20 
EDTA/peptide competition experiment
Peptide and Fe (NO3) 
UV-vis spectra
UV-vis spectra were recorded on a Shimadzu UV-2450 UV-vis spectrophotometer. Peptide and 
